Magnetic resonance imaging (MRI) as a method for breast exams has been used increasingly frequently during the last decade. In particular, it is preferred for selected cases as a diagnostic and problem-solving method for its high contrast resolution, multiplanar capability of examination, lack of ionizing radiation, and capacity to obtain dynamic contrast images (1, 2). Conventional MRI has disadvantages such as time-consuming screening and requirement of high-value contrast agents (3). Despite the fact that dynamic contrast-enhanced MRI is an efficient diagnostic exam with high sensitivity, but its limited specificity creates a need for new techniques (1-7). Therefore, additional sequences are sought that would increase image quality, reduce imaging time and enable differential diagnosis for lesions (4). Diffusionweighted imaging (DWI) is one of these fast MRI sequences. By recording the free movement of water molecules in the extracellular space, DWI creates different signals in images as a result of the inhibition of this movement and therefore diffusion restriction, which occurs due to an increase in cell frequency in the presence of a malignant mass. The apparent diffusion coefficient (ADC) is a quantitative measure of the diffusion of water molecules within tissue. Using the data in various b-values obtained from DWI in MRI, ADC maps are created and ADC values of lesions can be calculated (8, 9) . Recent studies showed that DWI and ADC measurements had high rates of accuracy and specificity in the differential diagnosis of malignant and benign breast lesions (10-13).
Results:
The mean ADC values were 1 /s with a sensitivity and specificity of 92% and 92%, respectively. The threshold value for ADC ratio was 0.9 with 96% sensitivity and 89% specificity. The mean ADC of malignant breast lesions was statistically lower for benign lesions (p<0.01). We found no correlation between the mean ADC values and ER-PR receptor, Her2, and Ki-67 values.
nostic factors. The prognostic importance of estrogen receptor (ER) and progesterone receptors (PR) was established in a group of neoplastic diseases, breast, and endometrial carcinoma in particular. ER and PR positive tumors respond to hormone therapy and provide a better prognosis (18) . There are subcategories that include the prognostic values of tumor proliferation rate. Prognostic factors exist such as mitotic index, immunohistochemical proliferation markers (Cyclin A, Ki-67), S-phase reaction, thymidine labeling index, and bromodeoxyuridine (BrDu) labeling index. There are still extensive studies regarding most of these factors today (19) . C-erbB-2 (Her2) oncoprotein shows protein-tyrosine kinase activity, which is structurally associated with epidermal growth factor receptor. Previous studies have shown that Her2 oncogene is a significant mediator of cell proliferation and differentiation (20) . This gene is located on chromosome 17. Her2 positivity is encountered in breast cancers with high histologic grade, negative ER and PR, positive lymph node, and high proliferation rate (20, 21) .
The aim of this study was to evaluate the diagnostic significance of ADC value and DWI in the differentiation of benign and malignant breast lesions and to investigate their correlation with histopathologic subtypes of breast tumors and prognostic factors such as ER, PR, Her2, and Ki-67 using 3T MR.
Metarials and Methods
The subjects in our retrospective study were chosen from patients who had undergone a preoperative MRI and were scheduled for a breast biopsy procedure in our clinic between November 2012 and November 2014. Informed consent forms were obtained from the patients as well as approval from the local ethics committee for this study.
Histopathologically diagnosed, 312 patients who had undergone ultrasound-guided tru-cut, mammography-guided stereotactic vacuumassisted biopsy and routine breast screening were enrolled into the study. Of these patients, 56 patients with lesions smaller than 1cm and 91 patients with diagnostically inadequate quality of DWI-MRI sequences were excluded from the study. The remaining 165 patients with 181 lesions were included in the study. The patients' ages ranged between 16 and 78 years (mean age: 46.7±12.01 years), and all patients were female.
MR Imaging
All MR images were obtained using a special 16-channel 3.0 Tesla coil (Magnetom Siemens Verio, Germany) with the breast in the prone position. All the patients had routine breast MRI examinations with conventional sequences. The sequences used in the conventional MRI were as follows: TRIM axial T2-weighted (TI:230ms, TR:4000ms, TE:72 ms, 3 mm section thickness, FOV:300-340 mm) images were obtained before T1 axial IV contrast-enhanced axial dynamic 3D (TR:5.04 ms, TE:1.91 ms, fl3d1/10, 1 mm section thickness, FOV:280-300 mm Matrix 420x400) examination; 1 pre-contrast sequence and 6 post-contrast sequences were performed, and the temporal resolution was 82 seconds. Subtraction images were acquired by subtracting the post-contrast images from the first images. For the contrast images, a dose of 0.1-0.2 mmol/kg of gadolinium-containing gadobutrol and gadoterate meglumine were injected via IV with an automatic injection device over 20 seconds.
As the primary subject of our study, DWI was performed before the contrast-enhanced examination. The diffusion-weighted sequences (TR/TE: 8300/93, flip angle: 80 degrees, 4 mm section thickness, FOV:300-320, Matrix 192x192 Nex:4) were performed with singleshot spin-echo echo-planar in the axial plane with 3 different b values (b=50, 500, 800). The ADC values were automatically measured at the workstation, and ADC (b=800-b=50) map images were prepared.
Lesion Evaluation
The lesions were evaluated by a single radiologist (YA) who has oneyear experience of breast radiology; the radiologist was blinded the histopathologic diagnoses. A total of 165 patients with 181 lesions were evaluated by analyzing the conventional MRI and DWI to determine whether there were breast lesions with abnormal contrast enhancement. The DWI was examined for the presence of diffusion restriction on the breast tissues connected to the lesions, and the measurement values on the ADC map were taken into account. The equivalent of the most contrasted part in the masses detected in the conventional MRI examination was found in the DWI. A standard round region of interest (ROI) with a 5 mm diameter was placed on the image of this area in the ADC map. During the measurement, the cystic and necrotic component of the lesion was left out of the measuring range. Additionally, the ADC values of normal breast tissues on the lesionfree breast were measured in every patient, and the ADC rates of lesion-normal breast tissues were calculated.
The sizes of the 181 lesions included in the study ranged between 10 mm and 64 mm (mean 18.3±8.9 mm). Small lesions sized less than 1.5 cm were measured with one ROI, and large lesions were measured with 3 different ROIs. The lowest value of three measurements was taken into account. Furthermore, the ADC value of the mass in each patient was divided by the ADC value of the opposite normal breast for a proportion measurement.
Biopsy was performed on all lesions through either ultrasound-guided tru-cut (152 cases) or stereotactic vacuum-assisted biopsy (29 cases). The histopathologic diagnoses were considered as the referral diagnosis. The postoperative histopathologic findings of the malignant cases were accepted as a reference. Surgical excision was performed on 9 patients who had been diagnosed as having atypical ductal hyperplasia after which the diagnoses for 3 of these patients were changed to ductal carcinoma in situ (DCIS).
Hormonal prognostic factors were evaluated in 3 subgroups when both ER and PR were negative, both were positive, and when only one was positive. In total, hormone receptors were analyzed in 80 of 89 malignant lesions. Hormone receptors were not analyzed in 8 cases of DCIS and 1 well-differentiated liposarcoma. The postoperative histopathologic findings were investigated for the malignant lesions.
Ki-67 value was taken into consideration while evaluating tumor proliferation. Not including 8 DCIS and 1 well-differentiated liposarcoma malignant lesions, the Ki-67 values of 80 malignant lesions were analyzed. Pearson's correlation test was used for the correlation between the Ki-67 values and ADC.
Of molecular prognostic factors, Her2 was used as a base. Excluding 8 DCIS and 1 well-differentiated liposarcoma case from 89 patients with a malignant diagnosis, 80 lesions were rated with one positive (+), two positives (++), three positives (+++) and 'no immunoexpression.' Three positives (+++) was considered a positive result, whereas results with no immunoexpression and + were considered negative. Fluorescence in situ hybridization (FISH) was used in 8 patients with two positives (++). As a result of the FISH test, 4 lesions that had no amplification were considered negative, the remaining 4 lesions, which had positive amplification, were considered positive.
Statistical analysis
The ADC values were reported with min ± standard deviation using SPSS version 15 (SPSS, Inc.; Chicago, Illinois, USA) in the statistical analysis of our study. The mean min ADC values between the independent groups were compared using Student's t-test. A p value of <0.05 was considered statistically significant. The threshold ADC values used to differentiate between benign and malignant lesions were determined using receiver operating characteristic (ROC) analysis. A post-hoc Tukey test was performed to evaluate the diagnostic difference in different subgroups. The Kruskal-Wallis H test was used to determine whether there was a statistically significant difference between the malignant and benign subgroups after which the Mann-Whitney U test was performed to determine which group had caused the difference. Pearson's correlation" test was conducted for the correlation between the Ki-67 values and ADC.
Result
Ninety-two of the 181 lesions involved in the study were diagnosed as benign and 89 were malignant. The histopathologic distribution of lesions is shown in Table 1 .
The ADC values in the measurements determined from normal breast parenchyma ranged between 0.96 x10 -3 mm 2 /sec and 1.94x10
In the ADC measurements of the lesions, the lowest ADC lesion value was 0.51 x10 -3 mm 2 /sec with invasive ductal carcinoma, and the highest ADC lesion value was 1.79 x10 -3 mm 2 /sec with fibroadenoma. The lowest lesion/normal breast tissue ADC rate was (0.40) in an invasive ductal carcinoma case, whereas the highest was (1.36) in a case of fibroadenoma.
The mean size of the 92 benign lesions was 15.5±6.4 mm. The mean min ADC value was found to be 1.41±0.24 x10 -3 mm 2 /sec for all the benign lesions. Among the benign lesions, the lowest ADC value belonged to an abscess with 0.57 x10 -3 mm 2 /sec and the highest ADC value was 1.79x10 -3 mm 2 /sec in a fibroadenoma. The mean lesion/normal breast tissue ADC rate was 1.07±0.17 in these lesions. The lowest rate among all the benign lesions was 0.4 in an abscess and the highest rate was 1.36 in a fibroadenoma.
The mean size of malignant 89 lesions was measured 20.9±9.9 mm. The mean min ADC value was 0.83±0.19x10 -3 mm 2 /sec for all the malignant lesions. Among the malignant lesions, the lowest ADC value was 0.51x10 -3 mm 2 /sec in an invasive ductal carcinoma, and the highest ADC value was 1.50x10 -3 mm 2 /sec in an invasive mucinous carcinoma. The mean lesion/normal breast tissue ADC rate was 0.61±0.14 in these lesions. The lowest rate was 0.4 in an invasive ductal carcinoma and the highest rate was 1.15 in an invasive mucinous carcinoma among all the malignant lesions.
The difference between the mean ADC values of the malignant lesions and benign lesions was statistically significant (p=0.001). The difference between the lesion/normal breast tissue ADC values of the malignant lesions and benign lesions was statistically significant (p=0.001) ( Table 2 ).
When the threshold value for the mean min ADC value of the lesions was considered 1.08x10 -3 mm 2 /sec, in the ROC analysis the AUC was 0.95 and the sensitivity and specificity of detecting malignant lesions were 92.1% and 92.4%, respectively ( Figure 1 ) (Table 3) . With a 0.9 threshold value for the lesion/normal breast tissue ADC rates, the AUC was 0.956, and the sensitivity and specificity of the differentiation capability for benign and malignant breast lesions were 96.6% and 89.1%, respectively (Figure 2) . Of the benign lesions, 7 (7.6%) had lower ADC values than the determined threshold value 1.08 x10 -3 mm 2 /sec. Of these 7, 1 was fibroadenoma ( Figure 3 ), 2 were atypical ductal hyperplasia, 3 were abscesses, and 1 was intraductal papilloma. Of the malignant lesions, 8 (9%) had higher ADC values than the determined threshold value 1.08 x10 -3 . Of these 8, 3 were DCIS, 1 was invasive lobular carcinoma, 3 were invasive mucinous carcinoma, and 1 was well-differentiated liposarcoma.
Of the 89 malignant lesions, 63 (71%) were diagnosed as invasive ductal carcinoma. The mean min ADC value of the lesions diagnosed as invasive ductal carcinoma was 0.76±0.09 x10 -3 mm 2 /sec (Figure 4 ). The mean min ADC value of 6 lesions (6%) diagnosed as invasive lobular carcinoma was 0.94±0.14 x10 -3 mm 2 /sec. The mean min ADC value of 4 patients (4%) who were diagnosed as having invasive mucinous carcinoma was 1.21±0.15x10 -3 mm 2 /sec. The mean min ADC value of 5 patients (5%) diagnosed as having invasive mixed carcinoma was 0.73±0.10 x10 -3 mm 2 /sec. The mean min ADC value of 8 (8%) DCIS lesions was 1.06±24 x10 -3 mm 2 /sec ( Figure 5 ). The mean min ADC values within the malignant groups were found significantly different in terms of the histopathologic result variable (p<0.05). The mean min ADC values of DCIS, invasive lobular carcinoma and invasive mucinous carcinoma were significantly higher than the mean min ADC values of invasive ductal carcinoma and invasive mixed carcinoma (p<0.05). The group with the highest mean min ADC value of the malignant lesions was invasive mucinous carcinoma. Among the benign lesions, the mean min ADC value of 37 fibroadenoma lesions was 1.54±0.13 x10 -3 mm 2 /sec, and the mean min ADC value of 4 intraductal papilloma lesions was 1.17±031 x10 -3 mm 2 /sec. The mean min ADC value of the fibroadenoma lesions was significantly higher than that of the intraductal papilloma lesions (p<0.05). When the fibroadenoma and mucinous tumors were compared, the difference between the mean min ADC values of the invasive mucinous carcinoma and fibroadenoma lesions was statistically significant (p<0.05) ( Table 4 ).
The mean min ADC value of 15 malignant lesions with negative ER and PR molecular prognostic factors was 0.77±0.11 x10 -3 mm 2 /sec, whereas the mean min ADC value of 7 malignant lesions with one positive ER or PR was 0.76±0.07 x10 -3 mm 2 /sec, and the mean min ADC value of 58 patients with positive ER and PR was 0.80±0.16 x10 -3 mm 2 /sec. Based on these results, the group with negative ER and PR had a lower mean min ADC value than the group with positive ER and PR. However, this difference was not statistically significant (p=0.684) ( Table 5 ). The mean min ADC value of 56 lesions with a negative, 1+ and 2+ Her2, a molecular prognostic factor, and no amplification found in FISH was 0.81±0.16 x10 -3 mm 2 /sec, and the mean min ADC value of 24 lesions with 3+ and 2+ Her2 and amplification found in FISH was 0.77±0.09 x 10 -3 mm 2 /sec. Based on these findings, the mean min ADC value of the group with Her2-positive lesions was lower compared with the mean min ADC value of the group with Her2-negative lesions. However, the difference was not statistically significant (p=0.157) ( Table 6 ).
When the correlation between the tumor proliferation rate indicators Ki-67 and ADC values was analyzed, there was no correlation found between the values (p= 0.669) (Figure 6 ).
Discussion and Conclusion
There was a statistically significant difference between the ADC values of the malignant breast lesions and benign breast lesions in our study (p<0.01), and the diagnostic value of the test showed a very high AUC value (0.945) in the ROC analysis. This difference was caused by the decrease in the extracellular volume content of the tumors due to the increased cellular density and the fall in the ADC value due to restricted water diffusion (10) . The dynamic contrast-enhanced examinations are directly related to the vascularity of the tumors and unrelated to tumor cellularity (5). In our study, fairly high sensitivity (92%) and specificity (92%) were acquired in evaluating the breast lesions with DWI. The dynamic contrast-enhanced breast MRI had a high sensitivity in detecting malignant lesions but a low specificity, which imposed limitations. There are studies stating that this specificity can be improved with DWI (22) (23) (24) . However, different threshold values were reported in studies with DWI based on the station and magnetic field of the device. The reported values range between 1.02 and 1.43 x10 -3 mm 2 /sec, and differed from each other. According to the ROC curve in our study, the best threshold value was 1.08 x10 -3 mm 2 /sec. This value fell between the reported values in the literature; however, it was closer to the low values. The fact that the values differ greatly amongst studies raises difficulties in using DWI as a standard method. Baltzer et al. (25) determined a threshold ADC value of 1.4 in the evaluation algorithm they proposed, and created an evaluation chart accordingly. According to this chart, biopsy should not be recommended for lesions with an ADC higher than 1.4 even if the other criteria of the lesions indicate biopsy. Ours is the highest threshold value reported in the literature, and the sensitivity was 96.6% for this threshold value. However, there were cases with invasive mucinous carcinoma that did not comply with this criterion and had an ADC value higher than 1.4. The mean min ADC value of 4 lesions diagnosed as invasive mucinous carcinoma was 1.21±0.15 x10 -3 mm 2 /sec, and there was a significant difference between this type of cancer and other types of cancer (p<0.05). Similarly, high values were reported in the literature for mucinous carcinoma between 1.6 x10 -3 and 2.1 x10 -3 mm 2 /sec, but the mean value in our study was below these values (26) (27) (28) . The most typical feature of mucinous carcinoma is the mucin content observed in the extracellular area. The mucin content makes diffusion of liquids easier, and there is less restriction compared with other malignant lesions (26) (27) (28) . Mucinous carcinomas are sharplybordered like fibroadenomas in morphologic analyses, and are seen as lesions that contain black septa in T2-weighted and contrast-enhanced examinations, and therefore may cause diagnostic errors. We found a distinctive difference between the fibroadenoma ADC values and mucinous carcinoma ADC values in our evaluation (p<0.05).
When we assessed the lesion/breast tissue ADC rates and the lesions, we found a higher AUC, going up to 0.956 from 0.945, according to the ROC analysis. When we determined a threshold value as 0.9, the sensitivity went up 96% and the specificity was 89%. Similar studies in the literature reported that measuring the ratio of ADC values for healthy breast tissues and lesions helped diagnostic accuracy, whereas an increase in sensitivity caused a decrease in specificity in our study (23, 29) .
There was a significant difference between the mean ADC values of invasive ductal carcinomas and ductal carcinoma in situ in our study (p<0.005) when we evaluated the ADC values of cancers in different histopathologic groups. The ADC values of DCIS were significantly high. In a study by Choi et al. (30) /sec and the mean ADC value of 6 DCIS lesions was 1.305x10 -3 mm 2 /sec when the b value was 1000. The reasons for this difference were that invasive ductal carcinoma is a type of cancer that is heavier with cells and it restricts water diffusion more compared with DCIS (32, 33) .
Various studies have investigated the relationship between tumor prognostic factors and DWI (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Some studies concluded that there was a relationship between tumor grade and ADC values. In these studies, it was argued that high-grade tumors had more diffusion restriction than low-grade tumors due to cell morphology and differences in extracellular matrix (33, 35) . Therefore, we compared the ADC values particularly in terms of molecular markers that determine the prognosis of tumor. However, we found no relationship especially between the ADC values and Ki-67 values that inform about the tumor's mitotic activity. Similarly, we could not demonstrate a relationship between ER and Her2. Jeh et al. (40) reported a relationship between ER positivity and Her2 negativity and low ADC. However, they did not report a relationship between other prognostic factors, and especially Ki-67. In the study by Choi et al. (30) (35) could not report a distinctive relationship with ER and PR in their study. Contrary to these studies, the mean ADC values were higher with positive ER and PR in our study; however, we did not find a statistically significant result.
Her2 expression with cell proliferation occurs in more invasive tumors with poor prognosis. Therefore, a decrease in ADC values is expected after cell growth in Her2 expression. However, studies have shown low ADC values in cases with no Her2 expression (39, 41) . Park et al. (39) claimed that increased angiogenesis and increased perfusion secondary to neovascularization in patients with Her2-positive suppressed the diffusion restriction the tumor creates. The effect of perfusion becomes more suppressed as the determined b value increases. However, although Park et al. (39) used a b1000 value that would effectively suppress the effect of perfusion, they included the strong perfusion that could have occurred due to Her2-positivity in their report but did not explain why the high b value did not suppress the perfusion. Additionally, regardless of the number of the statistical differences found in this study, the difference between the ADC values of Her2 0 and Her2 +++ cases was between 0.88 and 0.92 with a very small gap of 0.4. Despite the fact that the gap was similarly 0.4 units between the 0.81 mean ADC value of the Her2-negative cases and the 0.77 mean ADC value of the Her2-positive cases, there was no statistical significance found in our study. Choi et al. (30) did not report a correlation between the Her2 and ADC values in their study with 335 patients with invasive ductal carcinoma. Similarly, Kamitani et al. (36) did not report a correlation between the Her2 and ADC values in their study with 81 patients with invasive breast cancer. Although we found no statistical significance in terms of ER and PR values and Her2 values compared with the literature, the mean ADC values were much lower in patients with negative ER, PR and Her2 than in the patients with positive ER, PR and Her2. Park et al. (39) found low ADC values in both ER-positive and PR-negative patients in their study. However, although there was a difference between the PR-positive and PR-negative patients, they did not find a statistical significance. The results of the studies reported in the literature are inconsistent. The mean ADC values with very small differences were significant in some studies but not significant in others (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Therefore, we believe large series with the participation of more patients are needed in this regard.
In our study, there was no correlation between the Ki-67 and ADC values. In the study by Choi et al. (31) , the threshold value for the Ki-67 value was considered as 20, when values over 20 were categorized as Ki-67(+) and values under 20 were (-), the ADC values of the tumors with high Ki-67 were significantly low. In a study by De Felice et al. (37) of 75 patients with invasive ductal carcinoma, the threshold value for Ki-67 was 30. Accordingly, there was no significant correlation found between the Ki-67 values and ADC values. There was no significant correlation found between prognostic factors such as ER-PR, Her2 and Ki-67, and ADC value in the study by Cipolla et al. (38) of 96 patients with invasive ductal carcinoma, or in the study by Kim et al. (39) in 67 patients with invasive breast cancer.
One of the limitations in our study is that it was a retrospective study and a large number of examinations were excluded because of technical errors. Therefore, objectivity may have been damaged with regard to lesions. Another limitation is the possibility of mismeasurement due to mis-locating a region of interest (ROI) (42) . The ADC levels of malignant lesions with necrotic centers are expected to increase in localization of necrosis (42) . In lesions with thin periferically-enhanced tumor tissues, an adjacent necrotic part, adjacent normal fibroglandular tissue and adipose tissues may enter inside the region of interest, and this may cause incorrect positive or negative results. Another limitation was that invasive ductal carcinoma was dominant in the histopathologic subgroup distribution of malignant lesions, and the number of other lesions was small in comparison. A similar inequality is present in some of the molecular subgroups (ER, PR, and Her2). Another limitation of the study was that the performance of DWI alone was analyzed without including its contribution to dynamic contrast-enhanced examination.
Consequently, DWI is a method with high sensitivity and specificity that demonstrates a high diagnostic performance in the differentiation of benign and malignant breast lesions. However, it was not deemed adequate for evaluating prognostic molecular markers such as ER, PR, Her2 and Ki-67.
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